Design/methodology/approach -A case study in conjunction with BIM simulation approach using BIM tools was adopted to identify the feasibility of BIM for the simultaneous formulation of LCC and LCA in housing refurbishment.
Introduction
Refurbishment in the building sector is an internationally overarching issue to achieve energy efficiency improvement, and in particular, the European countries have released various sustainable refurbishment strategies and initiatives (Almas et al., 2011; European Union, 2012; Jensen and Maslesa, 2015) . For example, the UK government has released the whole-house refurbishment strategy, Great British Refurbishment to refurbish 80% of the total old housing stock complying with the modern energy standard by 2020 (DECC, 2009) as the UK possesses the oldest housing stock among developed countries with 8.5 million properties over 60-years-old (EST, 2007) . Since the investment in housing refurbishment will be compensated from reduced energy bill over a building life cycle, the value for money is a vital aspect to be considered from the outset of a refurbishment project. Consequently, researchers recommend the integrated use of Life Cycle Cost (LCC) and Life Cycle Assessment (LCA) methodologies to deliver value for money for clients by offering the most affordable refurbishment solution economically and environmentally (Swarr et al. 2011; Ortiz et al., 2016) . When the LCC is considerately planned, 60% of operational cost savings can be achieved over 30 years by investing 20% more capital cost in the construction phase (Flanagan and Jewell, 2005) and the better performance of a low carbon house can be examined in comparison with a traditional house. While the operational cost is being reduced, the amount of embodied CO 2 in a low carbon building becomes three times higher than in a conventional building (Sartori and Hestnes, 2007) . Blengini and Di Carlo (2010) proved that the costs for the construction phase and operation phase are in inverse proportion to each other. Thus, the trade-off relationship, which is the balance between energy efficiency improvement and capital investment based on the LCC and LCA, needs to be fully considered and considerately planned as a house has a long lifespan. Yet, not all construction professionals can understand the trade-off relationship between the LCC and LCA in terms of the capital investment and energy efficiency improvement based on various refurbishment alternatives (Menassa, 2011) .
Integration of LCC and LCA in Sustainable Refurbishment
The European Directive 2012/27 has been established as a strategy for energy efficiency improvement aiming at cost-effective refurbishment and less CO 2 emission (European Union, 2012) .
The strategy provides two main approaches -Energy Performance of Building Directive and Energy Efficiency Directive -focusing on the balanced cost-energy efficiency optimal approach to sustainable refurbishment alternatives. In addition, the EU established the legislative frameworkDirective 2014/24/EU -to promote sustainable public procurement through LCC (Official journal of the European Union, 2014) although the consideration of LCA has been limitedly given. In alignment F a c i l i t i e s with the European Directives, the Italian National Energy Strategy recommended the roadmap scenario for the continuous optimisation of refurbishment processes based on the building classifications, and the Nordic SURE (SUstainable REfurbishment) guideline has been established by a consortium of researchers from the Finland and Norway. The two national energy improvement strategies emphasise the importance of assessing the current status of housing and clients' energy improvement target in order to provide the most cost-effective refurbishment solutions (Almas et al., 2011) . Jensen and Maslesa (2015) proposed an advanced process tool, the RENO-EVALUE to provide a clear process that can facilitate better communication and collaboration at the early phase of refurbishment projects among stakeholders to achieve the targeted sustainability. The unique strength of this tool is capable of prioritising stakeholder's demands and establishing a clear target of renovation focusing on the value-adding decision supporting tool at the early phase of a project.
The emphasis on the importance of the early phase of a refurbishment project is also supported by other researchers (Juan et al., 2009; Almas et al., 2011) . Jenkins et al. (2012) proposed a step-by-step refurbishment measure adoption strategy, the TARBASE (Technology Assessment for Radically improving the Built Asset baSE) domestic model. The researcher argues that a whole-house refurbishment solution must be tailored based on the customers' requirements since there is no universal refurbishment solution. Through the literature review, it is evident that researchers commonly advocate the importance of the early collaboration and involvements of stakeholders to make a proper decision-making at the early design phase, and the necessity of using proper tools to determine the most affordable refurbishment solutions. However, the LCC and LCA information for determining proper refurbishment alternatives are currently considered at the end of the design phase, and separately formulated when flexibility of refurbishment solutions and opportunities to explore various refurbishment alternatives are significantly limited (Ma et al., 2012; Thuvander et al., 2012) . Consequently, the current refurbishment practice fails to accommodate the holistic consideration of the LCC and LCA to compare various design alternatives and materials (Tsai et al., 2011) . Furthermore, the trade-off relationship between the LCC and LCA depending on various combinations of refurbishment alternatives are not considered simultaneously, and it results in neglecting 50% of possible refurbishment alternatives that can render better outcomes of refurbishment (Schneider and Rode, 2010) . In response to the current fragmented practice in the LCC and LCA calculation for sustainable refurbishment, the European Standards has released a holistic assessment standard, CEN TC 350 to measure the financial and environmental impacts of a building and construction (CEN, 2013) . The standard recommends adopting two major sustainability assessment standards -Product level, EN 15804 (CEN, 2012) and Building level, EN 15643 series (CEN, 2010). These standards underline the importance of detailed information requirements for the F a c i l i t i e s economic and environmental assessment of building performance and construction works, which echoes the emphasis of various sustainable refurbishment strategies and studies. However, the interactions between the Product and Building levels standards are not fully integrated (Paleari et al., 2012) , and there is a potential issue to integrate the LCC and LCA seamlessly for assessing refurbishment alternatives due to a lack of interoperability in datasets between the two standards (BRE, 2016) . Consequently, researchers have undertaken studies to examine a way to integrate LCA and LCC, and recognised the potential solution in a Building Information Modelling (BIM) system as a data integration complementary platform between LCC and LCA methods (Liu and Issa, 2014; Ortiz et al., 2016) . Basbagill et al. (2013) and Crawley et al. (2008) argue the potential use of BIM to improve current practice of refurbishments because BIM is capable of enhancing collaboration and integration of project information among stakeholders by improving the overall information flow throughout a project life cycle (Eastman et al, 2011; Wong and Fan, 2013) . Rysanek and Choudhary (2013) assert that refurbishment projects should utilise a tool including BIM to support informed decision making among various refurbishment alternatives, while considering multiple criteria such as the implication of cost and the environmental impact. Indeed, BIM is currently mandated as a methodology to procure all public construction projects by many countries including UK, US, European countries, and Asian countries since BIM is capable of facilitating informed decisions regarding sustainability of a building at the early design phase where most of the level of sustainability is determined (Kim et al., 2016) . In alignment with the global initiatives of BIM strategies, there have been endeavours to investigate the BIM capability of formulating LCC and LCA based on different refurbishment alternatives, and of coping with design changes internationally. Hong et al. (2012) and proposed an integrated model to assess the LCC and LCA based on a well-structured life cycle information datasets in the South Korean construction context. Researchers assert the importance of the availability of life cycle information of various refurbishment alternatives at the early design phase, and this research is supported by Kim and Park (2013) as researchers conducted a BIM feasibility study for housing refurbishment in the UK context whether BIM is feasible for an information management system for housing refurbishment, and consequently BIM is recognised as feasible when sufficient BIM datasets including the LCC and LCA are available. Park and Kim (2014) recognized that BIM is capable of accommodating customers' preference for housing refurbishment in terms of refurbishment materials and options at the early design stage, which has been emphasised through the literature as a key aspect of sustainable refurbishment. Ferreira et al. (2015) Although researchers recognised BIM as a possible solution, researchers also pointed out that BIM can only be an enabler when proper and reliable datasets are available. Indeed, the LCC and LCA datasets are still maintained, calculated and compared separately within a BIM system, and eventually it fails to achieve the seamless updates on LCC and LCA calculations depending on different selections of refurbishment alternatives (Shadram et al., 2016) . Although the International Council for Local Environmental Initiatives developed the SMART SPP Guide to integrate LCC and LCA for the sustainable procurement (ICLEI, 2016), the tool is still calculating the LCC and LCA separately.
Integration of LCC and LCA in BIM Environment
To overcome the unintegrated practice, researchers argue that the improvement on data exchange format and interoperability of LCC and LCA datasets are essential (Shadram et al., 2016) . For the data exchange improvement, Hjelseth (2010) proposed a BIM object development containing life cycle information of building components. The concept of BIM objects development is supported by Jrade and Abdulla (2012) , and researchers examined the capability of Industry Foundation Classes (IFC) as the information communication medium to confirm whether IFC can facilitate a seamless data exchange between LCC and LCA datasets within a BIM system. Consequently, the researchers discovered that IFC has a limitation to establish a direct data exchange as there are data loss and distortions within a BIM system between LCC and LCA. Bueno and Fabricio (2017) argue that a universal data exchange protocol such as IFC is required to be developed further in order to calculate and integrate the LCC and LCA study results simultaneously. Thus, this research aims at examining BIM as an information management platform for housing refurbishment if it is feasible to formulate the LCC and LCA calculation simultaneously, and cope with different refurbishment alternatives in terms of refurbishment material specifications. More importantly, this research is expected to reveal a remedy strategy to overcome the current data interoperability issues in a BIM system. 
Research methodology
As this research focuses on the current contemporary event, a case study is chosen as the most suitable research strategy (Yin, 2003) . A case study with BIM simulation is carried out to examine how BIM can serve as a life cycle information integration platform to support proper decision makings for housing refurbishment, and why BIM tools -Autodesk Revit and IES VE/IMPACT -can suggest an optimised refurbishment solution based on the simultaneous LCC and LCA information.
For a case study with BIM simulation, a typical UK detached solid wall house is selected because this is the most energy inefficient housing type requiring immediate attention and in needs of refurbishment (National Refurbishment Centre, 2012) , and the least affected housing type by the operating conditions such as indoor temperature of an adjacent house like terraced or semidetached house. The average housing condition data for a solid wall house published by the UK government was used to build up a case housing model hypothetically because the condition of housing indicates a wide range of variation in its characteristic such as year built, construction types, physical dimensions, and construction materials, which cannot be generalized (Jenkins et al., 2012) .
Nevertheless, the hypothetical BIM model simulation is able to establish a base for design and construction professionals to compare potential alternatives before actual refurbishment is carried out. Therefore, it is worth emphasising that the outcome of this research should be used as a supporting tool for decision making, not as definitive decision making criteria. A hypothetical basic BIM model is created by BIM tools -Autodesk Revit for 3D modelling and IES Virtual Environment/Integrated Material Profile And Costing Tool (IES VE/IMPACT) for the LCA and LCC calculation including trade-offs relationships. Autodesk Revit is currently the most prevalent tool in the construction industry (NBS, 2016) , and the IES VE/IMPACT has been adopted for various energy simulations including commercial (Jankovic, 2016) and residential buildings (Murray et al., 2012; Crawley et al., 2008) , because it is the most advanced BIM tool that can conduct various energy simulations in refurbishment considering all possible building conditions and without additional data and model processing steps. More importantly, IES VE/IMPACT is specifically developed to calculate a whole building energy assessment based on LCC and LCA simultaneously. It has a full capability to conduct a complete energy and carbon performance analysis based on the EN 15804 (CEN, 2012) environmental profiles methodology for the LCC and LCA calculations in conjunction with two international building services standards -CIBSE and ASHRAE (Kurnitski, 2008; Sousa, 2012) . IES VE is also qualified software for calculating energy savings recommended by Department of Energy in the US (DOE, 2016) . Thus, IES VE/IMPACT is an internationally recognised tool, and highly relevant to this research to conduct a BIM simulation for the simultaneous LCC and LCA calculations based on the international standard.
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Refurbishment Practices and Insulation Materials
The current refurbishment best practices inducing insulation of external wall, loft, and underfloor insulation between joists, and triple glazing were applied to compare the LCC and LCA outcomes between a basic and refurbished house model. The fibre glass and Expanded Polystyrene (EPS) were selected for the insulation materials based on the previous research findings of home occupants' consideration over insulation material selection (Park and Kim, 2014) , which is the initial cost as the first priority. The selected materials belong to the relatively low cost range compared to other high initial material costs such as Vacuum Insulated Panel. In addition, the two insulation materials are only commonly available in both Autodesk Revit and IES VE/IMPACT material database, and they have been chosen for examining the seamless information exchange.
Energy Performance Standards and Material Specifications
Building beneficial and environmentally responsible option for energy efficiency improvement to a client and a community. It has been examined that an average of 50% CO 2 emission reduction can be achieved as 49% and 51% reduction were achieved when the minimum and maximum energy standards were applied respectively. The research outcome in terms of CO 2 emission reduction is supported by the previous research result that the maximum of 50% to 60% CO 2 reduction can be achieved through whole-house fabric refurbishment (Boardman, 2007) , which indicates this research outcome can be considered reliable. The LCC continues to increase as higher energy standards are adopted, and the LCC is much smaller when fibre glass is used compared to the EPS. There are differences in the LCC between using the fibre glass and the EPS because the initial material cost of fibre glass (£5.25/m 2 ) is less than the EPS (£9.88/m 2 ). This difference in material costs impacts on construction costs and operating costs such as major and minor repairs because operating costs are calculated as a percentage of the construction costs within a BIM tool (See Appendix 3 and 4). Construction costs for both material options continue to increase as higher energy standards are adopted. This is because more insulation materials are required to meet the higher energy standards in terms of the U-values of house elements and thickness of insulation materials. While the total construction cost increases, the rate of increase continues to decrease because the changes of U-values of house elements and thickness of insulation materials become less (See Appendix 2). Based on the LCC and LCA outcomes, the fibre glass is the most affordable construction materials for refurbishment compared to the EPS. Thus, it is recommended selecting a material with a low material cost and a low embodied CO 2 as it renders less life cycle costs and environmental footprints. It is confirmed that a BIM system can facilitate the simultaneous LCC and LCA calculation by reflecting changes in material specifications and energy If only the construction costs are considered, the minimum energy standard should be adopted as both material options continue to increase. However, construction professionals and clients need to investigate the operating costs simultaneously as it presents a different increasing pattern from the construction costs. Operating costs of the EPS indicate the same pattern as the construction cost, while the operating costs of the fibre glass does not continuously increase (See Table 1 ). For example, the operating costs of the fibre glass with the BR 2013 (Notional) and the FEES (Maximum) are less than the operating costs with the BR 2010 (Notional). The fluctuation of operating costs is caused by the inverse proportion relationship as the construction cost continues to increase for applying higher energy standard, while the operating energy costs continue to decrease as energy performance continues to be improved (Blengini and Di Carlo, 2010) . This relationship needs to be considered at the early design stage with design professionals being responsible for identifying the optimum point where the total cost of construction cost and energy cost result are at the minimum level. Hence, this research confirms that the trade-off relationship between cost and energy efficiency improvement can be formulated and considered for the refurbishment plan within a BIM system in conjunction with the LCC and LCA studies.
Furthermore, the trade-off relationship, which is a certain level of inevitable compromise between LCC and LCA, needs to be considered at the early design stage to identify the optimum point where the total cost of construction cost and energy cost result is at the minimum level. It can be advised that the LCC information needs to be understood and utilised individually and collectively for better decision making since the LCC is comprised of the construction cost and operational costs. Based on the findings, construction professionals can advise customers to adopt a higher energy standard such as FEES (Maximum), when they wish to achieve high energy efficiency, since it is more financially and environmentally beneficial.
Data Interoperability in a BIM environment
Once the LCC and LCA outcomes are calculated, construction professionals can modify selected refurbishment solution by applying different construction materials and/or thickness. As BIM is supposed to facilitate a seamless information exchange between BIM tools, the modified refurbishment information within the life cycle information calculation tool (IES VE/IMPACT) should be transferred back into the initial house model to authorise the final decision on refurbishment solution. However, the feedback loop currently cannot be accommodated due to the different 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 More importantly, essential data loss while transmitting a model must be thoroughly reviewed and amended before conducting the LCC and LCA calculation to avoid a situation known colloquially as 'garbage in, garbage out'.
Unstandardised Datasets of LCC and LCA
As aforementioned, researchers emphasise that BIM objects should be equipped with standardised datasets including specification of materials and thermal performance for the reliable LCC and LCA calculation. However, it is revealed that the current BIM objects are built on a database provided by specific proprietary BIM tools. Consequently, Revit has its own generic material codes, and IES VE/IMPACT also has its own LCC and LCA datasets. For example, a fibre glass is specified as 'B1020400' in Revit, while IES VE/IMPACT recognises it as 'Fibre Glass'. In the LCC dataset, a fibre glass is specified as '3015103A', while embodied CO 2 is not specified in the LCA dataset.
Essential remedy actions for broken feedback loop
Housing refurbishment solution development based on LCC and LCA using BIM tools is confirmed possible, but this research realised that there is a limitation in a BIM system and no definitive solution to resolve the broken feedback loop and unstandardised datasets. To challenge this, this research reveals essential remedy actions to fully utilize BIM tools and filling the gap in the seamless data communications as shown in Table 2 . Furthermore, establishing standardised common BIM objects library with proper LCC and LCA datasets are highly recommended to utilize BIM tools for housing refurbishment because the application of BIM concept cannot add more value to the customers and the construction industry without reliable datasets regarding construction materials. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Thus, experience and insights of construction professionals are vital to manipulate a BIM dataset and to interpret BIM models properly instead of blindly accepting the information derived from a BIM tool.
Limitations of the research
This research was able to examine only limited types of refurbishment materials including fibre glass and EPS due to the current limited availability of standardised material datasets in BIM tools. In order to conduct a more in-depth comparative analysis of LCC and LCA with different types of refurbishment materials, more BIM objects or library with reliable LCC and LCA datasets are required. This research confines the scope of a case study to a detached solid wall house based on the UK government data, and more international perspectives on housing type and energy standards are required to expand knowledge in the implication of BIM adoption in the housing refurbishment.
Conclusion
This research examines the feasibility of BIM as the first step if it could be a suitable tool to determine affordable housing refurbishment solution based on the simultaneous LCC and LCA calculation. Consequently, BIM is identified capable of providing simultaneous LCC and LCA information on refurbishment alternatives and feasible information management platform for housing refurbishment. It is also confirmed that the most financially and environmentally affordable refurbishment solution can be determined based on the trade-offs relationships between the LCC and LCA by examining different refurbishment alternatives and energy efficiency levels. Thus, this research is expected to contribute to construction professionals to enhance understanding of the BIM-embeded environment and implication of utilising proper BIM tools to deliver value for money to clients in a housing refurbishment project. Although this research utilised UK housing type as a case study, the LCC and LCA methodology and energy standards are equivalent to European and international standards respectively. Hence, the research findings should be capable of providing a
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